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Introduction

Randall & Sundrum, 1999
e Randall-Sundrum model: solution to gauge hierarchy problem

5D metric: ds® = e72kredn  drtdx” — ridg?
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e Precision Constraints 5th dimension

e expand the bulk gauge symmetry to sy(2), x SU@)r x U(1)5_s

e custodial symmetry preserved

i t Limit on Ap (TeV
e 1st KK mass - 3 TeV allowed by EWPT et L o e R
ReCL 1.0 - 103
e Constraints on flavor sector: ReCl  12-10°
j . L . ReC%, 10-10°
. . .
model independent analysis: with O(1) couplings: AT
e 160 - 10°
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Flavor Sector

e SM fermions on the TeV brane
e cutoff scale - 1 TeV

e leads to dangerously large FCNC

e SM fermions and gauge fields in the bulk Gherghetta & Pomarol, 2000

e generate fermion mass hierarchy by wave function localization

oy ~ elt/2eky 160% IR
T 5D Bulk mass term

e two sources of flavor violations:

e 5D Yukawa coupling constants
e 5D bulk mass terms

e generally independent







Flavor Violations

o effective 4D Yukawa interactions
HY® foo N fugtoy + B f i Fugtl
o effective 4D Yukawa couplings
MY = fhodufes, D = fhodnfy
e diagonalized by the following chiral rotations:
U — VI, oy — Wby, g — Waly

e in mass eigenstates of SM fermions: fermion-gauge couplings
S GV 3V + LW 2 Wil + o W £ W)

e non-universal f: leads to tree-level FCNCs
e RS-GIM mechanism:

e light fermions close to Planck brane

e gauge zero-mode flat

e somewhat alleviate flavor constraints, though not enough







Lepton Flavor Violations

Contributions from FCNCs:
e presence even in the limit of massless neutrinos
o at tree level:

e tri-lepton decays (u — 3 e, etc), P-e conversion e

Contributions from charged currents:
e atoneloop: H—e+Y

m Constraint on cutoff scale: Ap-e > 50 TeV Agashe, Blechman, Petriello, 2006

= tension between tree-level and one-loop processes:

e opposite dependence on Yukawa couplings

1
o tree-level FCNC ~ 3y —

A5D

e one-loop charged current contributions ~ Asp




Minimal Flavor Violation
D’Ambrosio, Giudice, Isidori, Strumia, 2002
Cirigliano, Grinstein, Isidori, Wise, 2005

assume Yukawa couplings the only source of flavor violation

SM: absence of Yukawa couplings (with massless neutrinos}

SU(3)2 = SU(3)g, ® SUB)y, ® SU(3)p,,

q

Gr =SU(3)? ® SU(3)? SU(3)2 = SU@)z, ® SU3)s, -

promote Yukawa couplings to be auxiliary fields

YU 0 (37 37 l)SU(?))g ) Yp ~ (37 17 3)SU(?))E ) Yg ~ (37 g)SU(B)%

can rotate to
Yhi=— >\d ) M= )\g ! YU = VTAU V: CKM matrix

effects of flavor violation:
(Aec)y = (W¥d), = NVaVy,  i#j
in RS model:
the MFV assumption relates §D Yukawa matrices & bulk mass terms

implementation in quark sector Fitzpatrick, Perez, Randall, 2007




MFYV in Lepton Sector - Massless Neutrinos

M.-C.C, H.B.Yu, 2008
Massless neutrino case:
o relevant 5D Lagrangian
L2 DLOLL +eC.e+ HILY.e
e Implementation of MFV:

e only sources of flavor violation are Yukawa couplings

C. = aY]Y., Oy = bV}

e parameters a & b: O(1) proportionality constants

e MFV allows simultaneous diagonalization of C., Cr and Y.




MFYV in Lepton Sector —- Massless Neutrinos

e simultaneous diagonalization:
e field transformations

L—VL e—We thus VIV,.W Y,

Viv.Yiv - V.Y, wiviv.w - YlY,

A

e diagonal §D Yukawa: Y, = diag(Ye,, Ye,, Yes,
o diagonal bulk masses: ¢, = qYY, and € = bV, Y]

e NO tree-level FCNCs

e intrinsically different from the anarchical assumption

Ye T diag(}/;l, YY627 Yv632







MFV in Lepton Sector —— Massless Neutrinos

e numerical results:

Yo = diag(Ye,, Ye,, Ye,),

CpL = diag(b|Y61|27 b|)/t‘32|27 b|YI‘33|2)
Ce = diag(alYe, |?, alYe, |?, a|Ye, |?).
a=1and b=1

Yo i=i0:8160 10~ TH9 iand Yo, =~ 0,720,

o resulting charged lepton masses

me >~ 0.511 MeV, m,, ~ 105.6 MeV and m, ~ 1.77 GeV




MFYV in Lepton Sector — Massive Neutrinos

M.-C.C, H.B.Yu, 2008

Massive neutrino case:
e introduce three RH neutrinos

e small Dirac neutrino masses by localizing RH neutrinos toward
Planck brane

e relevant §D Lagrangian
L2 D TOLL +€C.e+ NCyN + HLY,e + HLY,N

e Implementation of MFV:

e only sources of flavor violation are Yukawa couplings
Sl g o ELL A RO @ IRt s ‘g )

e parameters a & ¢ & d: O(1) proportionality constants




MFYV in Lepton Sector — Massive Neutrinos

e can rotate to basis where either Y. or Yy is diagonal

A

e without loss of generality: work in Y. diagonal basis Y, =Y,
Y, = VipY,,  Vip: 5D Leptonic Mixing Matrix

e in this basis, both Cx and C. are diagonal, but not Cr.

e cigenvalues of Cr: zero mode localizations of SU(2) doublets

e leads to a set of constraints on §D bulk mass parameters




MFYV in Lepton Sector — Massive Neutrinos

e non-diagonal term - § in Cy: source of FCNC in charged lepton sector
e contributions to FCNC: depends on &

e V.punknown: taking the trace:

Tr(Cp) ~ c({Tr(Cn) + Tr(C.))

e small neutrino masses = small

e realistic charged lepton masses:
Cr., Co, ~ (0.4 — 0.6)
e small neutrino masses: RH neutrinos close to Planck brane
o (DG
o The trace relation then implies

g2 0.1)

e FCNC contributions suppressed by &% ~ O(0 — 1072)







Numerical Results (massive neutrino case)

£ ~0 al == a3t et = 1141
Y., ~ 0405, Y., ~ 0375 Y., =~ 0.354,

(912 £y 1.383, 923 Y 1.358, 6)13 ) 1.338,

Y,, ~ 0.713, Y, ~ 0.5634 and Y,3 ~ 0.5475,

A

Y, = diag(¥,,,Y,,,Y.,) 0.0307 0.128 0.533)

Y, =VipY, ~ | —0.275 —0.504 0.123
0.657 —0.217 0.0267

e resulting masses and mixing angles:
sin” 0%, ~ 0.28, sin” @5, ~ 0.49, sin®6%; ~ 0.023
Am3, ~ 7.4 x107°eV?, Am3; ~ 2.7 x 107 %eV?

o for Br(y — ey) ~ 10712  1st KK mass ~ 3 TeV allowed




Comments

e mild hierarchy among 5§D parameters: - O(25) needed for large
neutrino mixing

A 0.0307 0.128 0.533
Y, =VspY, =~ | —0.275 —0.504 0.123 | .
0.657 —0.217 0.0267

generic anarchy case:

‘/ij i fLi/ij

large atm & solar mixing angles:  fr,/fr, ~ 1 and fr,/fr, ~ 1.

MEVwith £€=0, ¢ ¢ i fixed by +/mi/m;

fr./fr, = 0.07 fr,/fr, =~ 0.24.

e some structure in 5D Yukawa needed to accommodate mixing angles

and mass ratios simultaneously




Comments

e counting the number of independent parameters that determine 5D
Yukawa and bulk masses in lepton sector: (without CPV)

e anarchical case: 27 parameters

e 3x3 (diagonal C) + 2 x 9 (general Y)

L2 D ILOLL+€Ce+ NOyN + HLY, e+ HLY,N

e MFV: 12 parameters

o 3x3 (eigenvalues of Y) + 4 (prop. constants) - 1 (trace relation)
Y, = ‘/5DYI/7
Cy = dY,,YJ and C, = affeffj

o allow suppression in FCNC & charged current contributions to LFV

e not possible in anarchical case, due to opposite dependence on §D
Yukawas




Conclusions

RS model: provides novel way to generate fermion mass hierarchy
e additional sources of flavor violation: the bulk parameters
e leads to tree-level FCNC
e tension between tree- and one-loop contributions

e generically, A > O(o) TeV

with Minimal Flavor Violation:

o tree-level FCNCs suppressed due to small neutrino masses

e massless neutrino limit: NO tree-level FCNCs
solutions exist that give realistic lepton masses and mixing angles
1st KK mass ~ 3 TeV allowed

e viable solution to gauge hierarchy problem

e testability at collider experiments




